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ABSTRACT
We present an updated mass model for M31 that utilizes the 2MASS K-band image of the An-
dromeda galaxy, a revised estimate of the stellar mass-to-light ratio (M/L), and observed rotation
curve data from a variety of sources. We examine cases where the dark matter follows a pure NFW
profile and where an initial NFW halo contracts adiabatically in response to the formation of the
galaxy. We find that the rotation curve data are most consistent with an adiabatically contracted
NFW halo with an initial concentration cvir = 12.0 and virial mass 8.7 × 10
11M⊙. Models without
adiabatic contraction are disfavored at high significance and specifically have difficulty reproducing
the decline in rotation velocity at r > 15 kpc. Our best-fit M31 virial mass is a factor of ∼ 2 smaller
than the most recent estimate from rotation curve fitting by Klypin et al. (2002). The difference is
driven by our updated baryonic mass model. The best-fit mass is consistent with published estimates
from Andromeda Stream kinematics, satellite galaxy radial velocities, and planetary nebulae studies.
Finally, using the known linear correlation between rotation curve shear and spiral arm pitch angle,
we show that the stellar spiral arm pitch angle of M31 (which cannot be deduced from imaging data
due to the galaxy’s inclination) is P = 24.◦7± 4.◦4.
Subject headings: dark matter — galaxies: fundamental parameters — galaxies: halos — galaxies:
individual (M31) — galaxies: spiral — galaxies: structure
1. INTRODUCTION
Modeling the mass distribution of M31 is a classical
problem that has seen many past iterations (e.g., Einasto
1972; Kent et al. 1989; Klypin et al. 2002). Recently,
a deep near-infrared Ks-band image of M31 has become
available through the 2MASS survey (Jarrett et al. 2003).
With updated mass-to-light (M/L) ratios from Bell et al.
(2003), this allows for a more accurate determination of
the baryonic mass distribution in M31 than has ever been
determined previously.
Because M31 can be studied in exquisite detail, it pro-
vides a crucial testing ground for ideas in galaxy forma-
tion (Kent 1989; Evans &Wilkinson 2000). A problem of
particular relevance for ΛCDM is the Tully-Fisher zero-
point problem, which refers to the fact that standard
models cannot reproduce the relation between galaxy
luminosity and circular velocity (Tully & Fisher 1977)
without over-producing the number density of galaxies
at fixed luminosity (e.g. Gonzalez et al. 2000; Cole et al.
2000; Benson et al. 2003; Yang et al. 2003). Another
problem of related concern is the cusp/concentration
problem – namely that dark-matter dominated galaxy
rotation curves seem to rise more slowly than predicted
in ΛCDM (Moore 1994; Flores & Primack 1994; Moore et
al. 1999; van den Bosch & Swaters 2001; Blais-Ouellette
et al. 2001; Alam et al. 2002; Swaters et al. 2003; Si-
mon et al. 2005; Dutton et al. 2005; Kuzio de Naray et
al. 2006). It remains to be seen whether these problems
point to some unaccounted for process in galaxy forma-
tion (e.g. Dutton et al. 2006) or to some new physics
of cosmological relevance (Kaplinghat et al. 2000; Zent-
ner & Bullock 2002; Kaplinghat 2005; Cembranos et al.
2005; Strigari, Kaplinghat & Bullock 2006; Gnedin et al.
2006).
Recently, Dutton et al. (2006) and Gnedin et al. (2006)
revisited the Tully-Fisher problem using two large well-
defined samples of disk-dominated (late-type) galaxies.
They both took as a starting point the “standard” model
of disk formation, which assumes that initial Navarro,
Frenk & White (1997; hereafter NFW) dark halos re-
spond to disk formation via adiabatic contraction (AC)
(Blumenthal et al. 1986; Gnedin et al. 2004; Sellwood &
McGaugh 2005; Choi et al. 2006). Both groups conclude
that the Tully-Fisher zero point cannot be explained if
initial NFW halos have concentrations as high as those
expected for ΛCDM with σ8 ≃ 0.9 (with c ∼ 12 for M31-
size halos, e.g. Bullock et al. 2001a, Maccio` et al. 2006).
Both sets of authors agree that the problem could be
alleviated if AC did not operate (e.g. Somerville & Pri-
mack 1999) and Dutton et al. (2006) go on to advocate a
model where disk formation induces an expansion in the
underlying halo density structure. In contrast, Gnedin
et al. (2006) argue that AC is a fundamental prediction
in galaxy formation and instead suggest that the cosmol-
ogy be changed to favor lower halo concentrations (e.g.,
Zentner & Bullock 2002) or that the IMF is lighter than
the standard Kroupa assumption.
Given the fundamental issues at hand, the question
of whether AC occurs in nature is of significant inter-
est. Theory certainly favors the idea that halos con-
tract. Indeed, halo contraction must occur when the
infall of baryons is smooth and adiabatic (e.g. Blumen-
thal et al. 1986; Ryden & Gunn 1987; Sellwood & Mc-
Gaugh 2005) and simulations suggest that dark halos
will contract even when galaxies or galaxy clusters form
quickly from an irregular collapse (Barnes 1987; Flores
et al. 1993; Jesseit et al. 2002; Gnedin et al. 2004; Sell-
wood & McGaugh 2005; Choi et al. 2006; Weinberg et
al. 2006). On the other hand, there is very little observa-
tional evidence that halo contraction actually occurs in
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nature. For example, Zappacosta et al. (2006) performed
a detailed XMM study of the radio-quiet galaxy cluster
A2589 and conclude that an NFW halo + AC model can-
not explain the data but that a pure NFW halo provides
a remarkable fit down to ∼ 1% of the halo’s virial ra-
dius. Similarly, an investigation of seven elliptical galax-
ies with Chandra by the same group (Humphrey et al.
2006) finds that AC degrades the mass profile fits signif-
icantly unless strong deviations from a Kroupa IMF are
allowed. Also, Kassin et al. (2006a, b) find that the ro-
tation curves of 32 out of 34 of the bright spiral galaxies
they study are better fit without adiabatic contraction.
Klypin et al. (2002) have shown that the observed ro-
tation curve of M31 is best explained with a halo model
that includes AC. Given the updated M/L ratios and
the availability of a 2MASS Ks-band image, it is now
appropriate to revisit this question. In what follows we
also show that the rotation curve of M31 strongly favors
AC. We show that the fall-off in rotation velocity beyond
∼ 15 kpc cannot be explained without AC for any reason-
able NFW concentration (c . 40). Moreover, the best-
fit AC model has a fairly average NFW concentration,
cvir = 12, for typical, σ8 = 0.9, ΛCDM halos (Bullock
et al. 2001a, Maccio` et al. 2006). When viewed in the
context of ΛCDM, M31 provides perhaps the strongest
evidence that AC does occur in some cases. We specu-
late on the implications of this result in the conclusion
section.
Throughout this paper we assume a flat ΛCDM cos-
mology with Ωm = 0.27 and a Hubble constant of
H0 = 75 km s
−1 Mpc−1. We relate virial masses
(Mvir) and radii (Rvir) assuming a virial over-density
relative to average of ∆vir = 347.
1 At times we
quote baryon fractions relative to the universal value
with fb = Ωb/Ωm = 0.16.
We adopt a distance of 784 kpc to M31 (Holland 1998).
As a result, an angular distance of 1′ is equivalent to a
distance of 228 pc.
2. DATA
We make use of the 2MASS Ks-band image of M31
(Jarrett et al. 2003), with a total integration time of 7.8
seconds per position for theKs-band image.
2 The image
is 2.8 deg2 on the sky, with a pixel scale of 1′′. We also
use the B − R color profile of Walterbos & Kennicutt
(1989).
We adopt the rotation curve data from several sources.
In one case (M1) we adopt the Hα rotation data out to
25 kpc from Rubin & Ford (1970) and extend the rota-
tion curve to 35 kpc using H I data from Carignan et
al. (2006). In another case (M2) we use the CO rota-
tional velocities from Loinard et al. (1995) and the H I
from Brinks & Burton (1984) to construct an observed
rotation curve out to a 30 kpc radius. This was the ro-
tation curve adopted by Klypin et al. (2002) in their
M31 model. We adopt M1 as our fiducial case here be-
cause Rubin & Ford published errors on their observed
velocities. However, as we show below, both cases yield
consistent results. In both cases we take into account the
presence of a 108M⊙ supermassive black hole (Bender et




for a description of the 2MASS survey and data access.
Fig. 1.— The 2MASS Ks-band surface brightness profile of M31
with decomposition into Bulge and Disk components. The Bulge
has been fitted with a Se´rsic model (short dashed line) and the
Disk has been fitted with an exponential model (long dashed line).
In this paper we adopt an M31 distance (781 kpc) such that 100′′
is equivalent to 380 pc.
al. 2005) and the H I gas distribution (Carignan et al.
2006).
3. MASS MODELING OF M31
3.1. The baryonic contribution
Our goal is to determine the best possible mass model
for M31. We perform a bulge-disk decomposition in or-
der to estimate the baryonic contribution to the rotation
curve. We then determine several possible mass mod-
els. The best fit model is determined by minimizing the
reduced-χ2, in a fit to the observed rotation curve.
We first extract the surface brightness profile of
M31 using the 2MASS Ks-band image, and the IRAF
ellipse routine, which fits ellipses to an image using and
iterative method described by Jedrzejewski (1987). In or-
der to mask out foreground stars and satellite galaxies,
SExtractor (Bertin & Arnouts 1996) was used. An incli-
nation correction was then applied to the surface bright-
ness profile (see de Jong 1996; Seigar & James 1998a) as
follows





where µi is the surface brightness when viewed at some
inclination, i, µ is the corrected surface brightness, a is
the major axis, b is the minor axis and C is a factor de-
pendent on whether the galaxy is optically thick or thin;
if C = 1 then the galaxy is optically thin; if C = 0 then
the galaxy is optically thick. Seigar & James (1998a) and
de Jong (1996) both use the optically thin case and we
adopt this approach here. The surface brightness pro-
file is also then corrected for a ∼ 0.5 magnitude error in
the 2MASS calculated zeropoint, due to the fact that the
sky level is incorrect. Without this correction the surface
brightness profile would be 0.5 magnitudes too faint (T.
Jarrett, 2006, private communication).
From the surface brightness profile, we perform a one-
dimensional bulge-disk decomposition, which employs
the Se´rsic model for the bulge component and an expo-
nential law for the disk component (e.g. Andredakis et






Position Angle of major axis (degrees) 45
Bulge effective radius, Re (arcsec) 142.1±7.6
Bulge effective radius, Re (kpc) 0.53±0.03
Bulge surface brightness at the effective radius, µe (K-mag arcsec−2) 16.58±0.86
Bulge Se´rsic index, n 1.18±0.08
Disk central surface brightness, µ0 (K-mag arcsec−2) 16.78±0.93
Disk scale length, h (arcsec) 1272.3±63.5
Disk scale length, h (kpc) 4.76±0.27
Disk luminosity, Ldisk (L⊙) (7.01±0.69)×10
10
Bulge-to-disk ratio, B/D 0.19±0.01
Note. — Hubble type taken from de Vaucouleurs et al. (1991). Distance in kpc taken from Holland et al. (1998)
Fig. 2.— Left: B −R color profile for M31 from Walterbos & Kennicutt (1987). Right: Ks-band M/L as a function of radius calculated
using the B − R color profile from Walterbos & Kennicutt (1987) and the M/L ratios of Bell et al. (2003).
al. 1995; Seigar & James 1998a; Khosroshahi et al. 2000;
D’Onofrio 2001; Graham 2001; Mo¨llenhoff & Heidt 2001;
see also Graham & Driver 2005 for a review). The Se´rsic
(1963, 1968) R1/n model is most commonly expressed as
a surface brightness profile, such that










where µe is the surface brightness at the effective radius
Re that encloses half of the total light from the model
(Ciotti 1991; Caon et al. 1993). The constant bn is de-
fined in terms of the parameter n, which describes the
overall shape of the light profile. When n = 4 the Se´rsic
model is equivalent to a de Vaucouleurs (1948, 1959)R1/4
model and when n = 1 it is equivalent to an exponen-
tial model. The parameter bn has been approximated by
bn = 1.9992n − 0.3271, for 0.5 < n < 10 (Cappaccioli
1989; Prugniel & Simien 1997). The exponential model
for the disk surface brightness profile can be written as
follows,
µ(R) = µ0 exp (−R/h), (3)
where µ0 is the disk central surface brightness and h is
the disk scale length. Our bulge-disk decomposition ig-
nores the inner 4′′ of M31, which is dominated by an
independent nuclear feature (Light et al. 1974). The
results of the bulge-disk decomposition can be seen in
Figure 1. Observational properties of M31 are derived
from this bulge-disk decomposition and these are listed
in Table 1.
Masses are assigned to the disk and bulge using a com-
bination of stellar mass-to-light ratios from Bell et al.
(2003) and B − R colors from Walterbos & Kennicutt
(1987). From the multicolor imaging data in Walterbos
& Kennicutt (1987) we have fit a straight line to theB−R
color versus radius, which gives a slope of ∼ 0.018 mag
kpc−1. The left panel of figure 2 shows the B −R color
profile of M31 from Walterbos & Kennicutt (1987). We
then use the relation between B −R color and Ks-band
M/L in Bell et al. (2003) to calculate a log (M/L) gradi-
ent of ∼ 0.008 kpc−1. The M/L as a function of radius
is shown in the right panel of figure 2. The central color,
B − R ≃ 1.8 is equivalent to a (M/L) = 1.05 ± 0.10 in
Ks-band solar units. We adopt this as our central value
for the mass-to-light ratio in our rotation curve models
and we allow it to vary by the 1σ error. We use the de-
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rived disk and bulge light profiles LK = Ldisk+Lbulge to
determine the stellar mass contribution to the rotation
curve, M∗ = (M/L)LK .
3.2. Modeling the dark matter halo
A range of allowed dark matter halo masses and density
profiles are now explored, using two extreme models for
disk galaxy formation. In the first, we assume that the
dark matter halo surroundingM31 has not responded sig-
nificantly to the formation of the disk, i.e., adiabatic con-
traction does not occur (the “non-AC” model). In this
case, the dark matter contribution to the rotation curve
is described by a density profile similar to those found in






where Rs is a characteristic “inner” radius, and ρs is
a corresponding inner density. This is a two parame-
ter function and is completely specified by choosing two
independent parameters, e.g., the virial mass Mvir (or
virial radius Rvir) and concentration cvir = Rvir/Rs (see
Bullock et al. 2001a for a discussion). Similarly, given
a virial mass Mvir and the dark matter circular velocity
at any radius, the halo concentration cvir is completely
determined.
In the second class of models, we adopt the scenario of
adiabatic contraction (AC) and specifically use the orig-
inal scheme discussed by Blumenthal et al. (1986, here-
after B86; see also Bullock et al. 2001b and Pizagno et
al. 2005). We also investigate the slightly revised scheme
presented in Gnedin et al. (2004, hereafter G04). As we
discuss below, the G04 scheme reproduces the outer slope
of the observed rotation curve of M31, but needs a very
high concentration to do so.
For each AC algorithm (B86 and G04) and for the non-
AC model we generate a grid of final rotation curves. We
vary the baryonic contribution to the rotation curve by
allowing the bulge-disk decomposition parameters for h
and Ldisk and the central mass-to-light ratio of the galaxy
(M/L) to range over their ±1σ values (see Table 1 and
the previous section). For each set of baryonic parame-
ters we generate a range of dark halo models with total
circular velocities at 2.2 disk scale length (V2.2) that span
the best-fit value for M31 (V2.2 = 270 km s
−1) quoted by
Rubin & Ford (1970) by a wide margin: 200 < V2.2 < 340
km s−1. In practice, we achieve each V2.2 value in our
models by allowing the initial halo concentration to vary
over ∼ 3.5σ of its expected range cvir = 3 − 40 (Bul-
lock et al. 2001a, Maccio` et al. 2006) and then setting
the halo virial mass Mvir necessary to reproduce the de-
sired value of V2.2. Finally, we determine the implied
fraction of the mass in the system in the form of stars
compared to that expected from the Universal baryon
fraction, f∗ = M∗/(fbMvir) and demand that f∗ obeys
0.01fb < f∗ < fb. From this grid of choices, we de-
rive best-fitting dark halo parameters by minimizing the
reduced-χ2 for our two choices of rotation curve data.
These results are summarized in Table 2.
In the minimization of the reduced-χ2 we assume that
the errors on the observational data (i.e., the rotation
velocities) are not correlated. Instead we assume that
they are Gaussian in nature. This is an idealized simpli-
fication but allows a quantitative estimate of the relative
goodness of fit between models. Furthermore, although
error bars are not available for the “M2” curve, we as-
sume 10% errors in the model fitting, as this is similar to
the size of the errors quoted for the Rubin & Ford (1970)
Hα rotation curve. We therefore do not quote a reduced-
χ2 for the “M2” curve in Table 2. We then determine
how consistent all the derived rotation curves are with
each other, by adopting the formal best fitting rotation
curve as our fiducial mass model. For our “M1” curve,
the number of degrees of freedom in the fit is ν = 30.
The M1 rotation curve from Rubin & Ford (1970) is
shown by the solid squares with error bars in Figure 3
(top left, top right, bottom right) along with our best-
fitting rotation curve models (solid lines). The data
points are taken from the Hα rotation velocities listed
in Table 1 of Rubin & Ford (1970). 3 The contribution
from stellar mass (short-dashed) and dark matter (long-
dash) in each case is shown along with the rather minor
contributions from neutral gas (dotted) and the central
black hole (dot-dashed).
Overlaid in the upper-left panel of Figure 3 is our pre-
ferred model (overall reduced-χ2 = 1.40). The dark halo
in this case has undergone adiabatic contraction accord-
ing to the B86 prescription. Our best-fitting parameters
are summarized in Table 2 under “M1 B86”. We deter-
mine the halo of M31 to have a total (dark+baryonic)
virial mass of Mvir = (8.7 ± 0.7) × 10
11M⊙ and an ini-
tial concentration cvir = 12.0± 0.9, i.e., the same as the
initial concentration found by Klypin et al. (2002), but
a virial mass almost a factor of 2 smaller. The quoted
errors on the model parameters are found by finding the
best-fit model to two extreme rotation curves, with the
1σ errors added to and subtracted from the observational
data. We caution the reader that the the derived errors
on the model parameters are a result of shifting the ob-
served data systematically up and down by their 1σ error,
i.e., the are not formal 1σ errors.
Clearly, the model rotation curve fits the data ex-
tremely well. The innermost data point from the ob-
servational rotation curve is significantly lower than the
model. This can be explained by the recent strong ev-
idence for a bar in M31 (Athanassoula & Beaton 2006;
Beaton et al. 2006). This bar has been used to explain
the minimum seen in the observed rotation curve at a
radius of ∼ 2.7 kpc (Athanassoula & Beaton 2006). It
should also be noted that by a radius of ∼ 26 − 35 kpc
the rotational velocity has dropped to ∼ 225 − 230 km
s−1, which is similar to the rotational velocities seen at
radii of 25− 35 kpc in the H I rotation curve (Carignan
et al. 2006; open triangles).
The best-fitting model without adiabatic contraction is
shown by the solid line in the bottom right panel of Figure
3. This, the non-AC model, was determined in exactly
the same way as our best-fit B86 AC model. As listed in
Table 2, the non-AC assumption requires a lower NFW
concentration, c = 7.0 ± 0.6 and a higher virial mass,
Mvir = (5.1 ± 0.2) × 10
12M⊙. Its best fitting rotation
velocity at 2.2 disk scalelengths, V2.2 = 250± 5 km s
−1,
3 Figure 9 of Rubin & Ford (1970) also includes rotation veloci-
ties calculated from a narrow [N II] λ6583 emission feature, for the
region within 3 kpc. However, these velocities are not tabulated in
their paper, and so we do not include them here.
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Fig. 3.— Top left: Rotation curve data (solid square points) from Rubin & Ford (1970) with the best fit model, with adiabatic contraction
(M1 B86 model), overlaid (solid line). For comparison the H I rotation velocities (open triangles) from Carignan et al. (2006) are shown.
The best fit rotation curve is decomposed into four components, the contribution from dark matter (long-dashed line), the contribution
from baryonic matter (short-dashed line), the H I contribution (dotted line) from Carignan et al. (2006) and the contribution from the
central 108M⊙ black hole (dot-dashed line) from Bender et al. (2005). Bottom left: Rotation curve CO and H I data (solid square points)
from Loindard et al. (1995) and Brinks & Burton (1984) respectively, as used by Klypin et al. (2002). The best fit model with adiabatic
contraction (M2 B86 model) is overlaid (solid line). It is decomposed into four components as in the top left panel. Top right: The same
as the top left panel, but with the best fitting model using a modified version of adiabatic contraction (M1 G04 model) as in Gnedin et al.
(2004). Bottom right: The same as the top left panel, but with the best fitting model without an adiabatically contracted halo (M1 no-AC
model).
clearly misses the actual rotation velocity of ∼ 270 km
s−1 at this radius (≃ 10 kpc). The difficulty arises from
the fact that pure NFW dark halos produce extremely
flat rotation curves. We were unable to find any set of
halo parameters in the non-AC case that reproduced the
peak in the observed Hα rotation curve at ∼ 10 kpc, and
the decline beyond this radius. The best-fitting pure
NFW halo is a worse fit with an overall reduced-χ2 =
2.67.
In Figure 4 we plot the reduced-χ2 as a function of
NFW concentration, cvir, for both the “M1 B86” case
(left panel) and the “M1 no-AC” case (right panel). In
both of these cases we have fixed all other model pa-
rameters at their respective best-fit values. The dif-
ference in the reduced-χ2 between these two models is
∆χ2/ν=1.27, where ν is the number of degrees of free-
dom in the fit, i.e. χ2/ν is the definition of reduced-χ2.
The standard deviation on the reduced-χ2 is ∼
√
2/ν ≃
0.25. As a result the two models differ by about 5σ. The
“M1-noAC” case can therefore be ruled out with 99.99%
confidence. Also, the halo virial mass required for this
model is (5.1± 0.2)× 1012M⊙. This is a very large halo
virial mass, and is several times larger than the typical
virial mass derived for the Milky Way (e.g., Klypin et
al. 2002; Dehnen et al. 2006). Given this, the low stellar
baryon fraction of f∗ = 11.5± 1.7%, and the high value
of the reduced-χ2 of the fit, it seems difficult to reconcile
the halo of M31 with a pure NFW model.
An intermediate result is shown in the upper right panel
of Figure 3. Here we use the AC model of G04, which
produces less contraction than the B86 prescription. If
the initial NFW concentration is held fixed at the same
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TABLE 2
M31 best fitting models
Parameter M1 M2 M1 M1
B86 B86 G04 no-AC
Shear 0.52 0.52 0.56 0.44
V2.2 (km s−1) 275±5 275±5 275±5 250±5
Disk luminosity, Ldisk (L⊙) (7.0± 0.7) × 10
10 (7.0± 0.7)× 1010 (7.0 ± 0.7)× 1010 (7.0± 0.7) × 1010
Disk scale length, h (kpc) 4.70±0.05 4.70 4.93±0.05 4.93±0.05
Central disk mass-to-light ratio, M/L (K-band solar units) 0.95±0.02 0.95 0.95±0.02 0.95±0.02
Mass-to-light ratio gradient, d(M/L)/dR (kpc−1) 0.012 0.012 0.012 0.012
Initial NFW concentration, cvir 12.0±0.9 14.0 40.0 7.0±0.6
Bulge-to-disk ratio, B/D 0.19±0.01 0.19 0.19±0.01 0.19±0.01
Virial mass, Mvir (M⊙) (8.7± 0.7) × 10
11 7.4× 1011 (8.0 ± 0.7)× 1011 (5.1± 0.2) × 1012
Dark matter concentration, cDM, R < 10 kpc 9.1±1.3% 10.9% 8.6±1.1% 1.2±0.3%
Total mass concentration, ctot, R < 10 kpc 20.5±2.4% 23.7% 16.0±2.3% 2.7±0.4%
Stellar baryon fraction, f∗ 67.1±8.2% 80.5% 49.7±8.6% 11.5±1.7%
Reduced-χ2 1.40 — 1.70 2.67
Note. — “M1 B86” is the best-fit model to the Hα rotation curve from Rubin & Ford (1970) (M1) using the AC prescription of B86.
“M2 B86” is the best-fit B86 model to a combination of the CO rotation velocities from Lionard et al. (1995) and the H I velocities from
Brinks & Burton (1984). Although both models are consistent with each other, we favor “M1 B86”, because we know the observational
errors associated with the Rubin & Ford (1970) rotation curve. “M1 G04” corresponds to the M1 data fit using the modified adiabatic
contraction model of Gnedin et al. (2004) and “M1 no-AC”, uses the same data without adiabatic contraction. The “M1 no-AC” case is
ruled out with >99.99% confidence, due to its higher reduced-χ2 compared with the “M1 B86” case. The “M1 G04” case provides a good
fit to the outer slope of the rotation curve (> 15 kpc), but it needs a very high concetration (as listed) to do so.
value as the best-fitting B86 case, i.e., cvir = 12, then
the G04 model overestimates the observed rotation curve
at r > 15 kpc. The G04 model can only reproduce this
outer slope with any degree of confidence when the initial
halo has cvir = 40 (i.e. the maximum allowed by our
input prior). With this high concentration the reduced-
χ2 of the G04 model is 1.70. This model cannot be ruled
out, but its halo concentration is higher than expected
in ΛCDM (Bullock et al. 2001a, Maccio` et al. 2006).
We thus adopt the standard B86 AC prescription as our
fiducial model.
For completeness, we also perform a fit to the same
observed rotation curve that was used by Klypin et al.
(2002) in their M31 mass decomposition. Our best fitting
mass model is shown in the bottom left panel of Figure 3
(“M2 B86” in Table 2). Here we have adopted the B86
AC model. The initial NFW concentration in this case
(cvir = 14) is slightly higher than that favored by Klypin
et al. (2002) and our “M1 B86” case. However, it is not
a large difference, and at face value our “M1 B86” and
“M2 B86” models are consistent with each other. As we
discuss below, the difference between our result and that
of Klypin et al. (2002) is driven mainly by our updated
baryonic model.
Figure 5 shows the enclosed mass as a function of ra-
dius for our fiducial model (M1 B86). The fraction of
mass contained within the central 10 kpc (the “central
mass concentration” hereafter) is ctot = 20.5 ± 2.4%.
In absolute terms, the mass contained within 10 kpc is
(17.8 ± 2.3) × 1010M⊙. This is about 70% larger than
that calculated by Rubin & Ford (1970), but it should
be noted that they did not take into account non-circular
orbits due to the presence of a bar, which we now know
exists in M31. This would have the effect of increas-
ing the mass contained within the bar region. The mass
calculated within a 35 kpc radius from the H I rotation
curve by Carignan et al. (2006) is 3.4× 1011M⊙, similar
to the mass derived from our best fit model within a 35
kpc of (3.6± 0.5)× 1011M⊙. Within a 31 kpc radius we
find a mass of (3.4±0.4)×1011M⊙, which is similar to the
mass of 2.8×1011M⊙ within the same radius found using
kinematic data of planetary nebulae (Evans & Wilkinson
2000). The total implied stellar baryon fraction of this
model is f∗ = 67.1± 8.2%.
As mentioned above, the preferred to-
tal (dark+baryonic) virial mass for M31 is
(8.7 ± 0.7) × 1011M⊙. This is consistent with the
estimate of ∼ (7.9±0.5)×1011M⊙ derived from satellite
kinematics (Coˆte´ et al. 2000) and the total mass of
∼ 8 × 1011M⊙ from kinematics of the Andromeda
Stream (Geehan et al. 2006). It is also close to, but
lower than, the lower limit of 9 × 1011M⊙ derived from
kinematics of halo stars (Chapman et al. 2006). Our
favored virial mass is about half the value favored by
the Klypin et al. (2002) analysis of the M31 rotation
curve. This can be attributed to three differences in our
analyses. First, Klypin et al. (2002) use the H I rotation
curve of Brinks & Burton (1984) to find their best fitting
model. In this study we use the Hα rotation velocities
of Rubin & Ford (1970). However, we find that this is
not the major driver. We find that the model rotation
velocities are consistent with those from the more recent
H I study of Carignan et al. (2006), and when we fit
to the same observed rotation curve as Klypin et al.
(2002), we find that our best-fit model is consistent
with our best-fit fit model to the Rubin & Ford (1970)
curve. More importantly, Klypin et al. (2002) used
the M/L ratios of Bell & de Jong (2002) to determine
the stellar mass from their bulge-disk decomposition.
In this study we use the updated and more accurate
M/L ratios of Bell et al. (2003), and this makes a large
difference. For instance for B −R ∼ 1.4 Bell & de Jong
(2001) suggest a Ks-band M/L ≃ 0.6, whereas Bell et
al. (2003) suggest a Ks-band M/L ≃ 0.9. This therefore
makes a ∼50% difference in the stellar mass of M31.
This has a significant effect on the rotation curve. One
other difference is that Klypin et al. (2002) perform
a bulge-disk decomposition using an R band image,
whereas we use a Ks-band image. Using a Ks-band
image reduces the scatter in the allowed M/L ratios for
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Fig. 4.— Reduced-χ2 as a function of NFW concentration parameter, cvir, for out fiducial “M1 B86” model (left panel) and our “M1
noAC” model (right panel). The best fitting values for concentration differ by more than 5σ between the two models.
Fig. 5.— Enclosed mass as a function of radius for model M1
B86. The solid line indicates the total mass. Also indicated are the
HI mass out to a 35 kpc radius (dotted line), the bulge+BH mass
(short-dashed line), the disk mass (long-dashed line) and the halo
mass (dot-dashed line). The data points indicate masses derived
using other observational methods at fixed radii of 10 kpc, 31 kpc,
35 kpc and 125 kpc from Rubin & Ford (1970), Evans & Wilkinson
(2000), Carignan et al. (2006) and Fardal et al. (2006) respectively.
any given color. Overall, we should therefore have a
more accurate estimate of the baryonic mass profile in
M31. Indeed, if we adopt the baryonic mass profile of
Klypin et al. (2002) and try to fit either to the H I or to
the Hα rotation curve, we find a best fitting model that
is consistent with their result.
3.3. The spiral arm pattern of M31
Because M31 is a highly inclined galaxy, it is difficult
to learn how tightly wound its spiral arm pattern is from
imaging data. However, the spiral arm pitch angle can
be estimated from the shear rate measured for the M31
rotation curve at 10 kpc using equation 4 from Seigar
et al. (2006). This equation gives the line of best fit to
the spiral arm pitch angle versus rotation curve shear















where A is the first Oort constant, ω is the angular
velocity and V is the rotational velocity at radius R.
The shear rate depends upon the shape of the rotation
curve. For a rotation curve that remains flat the shear
rate, S = 0.5, for a falling rotation curve the shear rate,
S > 0.5 and for a continually rising rotation curve the
shear rate, S < 0.5. Following the method described by
Seigar et al. (2006) we measure the shear at a 10 kpc ra-
dius. For M31, 1′ is equivalent to 228 pc (Athanassoula &
Beaton 2006; Holland 1998), and so 10 kpc is equivalent
to 43.9′. The shear is measured using the prescription
described by Seigar (2005) and Seigar et al. (2004, 2005,
2006). In this method an average slope is fit to the outer
part of the rotation curve (i.e., past the solid-body ro-
tation regime), and the shear is then calculated at the
given radius. For M31, at a radius of 10 kpc, the shear
is S = A/ω = 0.54± 0.02.
There is little scatter in the correlation shear rate and
pitch angle, and the line of best fit is given by
P = (64.24± 2.87)− (73.24± 5.53)S, (6)
where P is the spiral arm pitch angle in degrees and
S is the shear. From this the pitch angle for M31 is
P = 24.◦7 ± 4.◦4. (It should be noted that the shear
at 10 kpc determined for the M1 B86 model in section
2.2 is S = 0.52 and for M1 G05 is S = 0.56. These
estimates are consistent with the shear measured here.
They results in pitch angles of P = 26.◦2 ± 2.◦2 and P =
23.◦2± 2.◦0 respectivel, both of which are consistent with
the pitch angle derived above).
Assuming a logarithmic spiral (see e.g., Seigar & James
1998b for the equations that define a logarithmic spiral),
the spiral arm pattern of M31 is calculated. Figure 6
shows the predicted spiral arm pattern of M31 for a face-
on view (left) and with an inclination angle, i = 77.◦5,
and a position angle 45◦ (de Vaucouleurs et al. 1991)
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Fig. 6.— Left: A two-armed spiral viewed face-on with pitch angle, P = 24.◦7, as predicted for M31. Center: A spiral with pitch angle,
P = 24.◦7, viewed with the inclination and position angle of M31. Right: 2MASS Ks-band image of M31.
appropriate for M31 (center). This spiral arm pitch an-
gle is larger than the H I spiral arm pitch angle of 16◦
calculated by Braun (1991), although it is possible that
the spiral arm pattern in the neutral gas may be a few
degrees tighter than that observed in the underlying stel-
lar distribution. Furthermore, a pitch angle of 16◦ also
lies just within the scatter of the spiral arm pitch angle
versus rotation curve shear correlation when the shear,
S = 0.54 (see Figure 3 of Seigar et al. 2006).
It is important to note that the spiral arm pattern
shown in Figure 6 does not take into account the disk
scale height and how broad the arms are. These plots are
intended to illustrate show how tightly wound the arm
pattern would be if viewed from face-on. When viewed
close to edge-on (as is the case for M31), the scale height
of the disk and breadth of the spiral arms make it virtu-
ally impossible to determine the spiral arm pitch angle
directly.
4. SUMMARY
In this paper we have derived a new mass model for
M31, based on an updated baryonic contribution to
the rotation curve. The baryonic contribution is de-
rived using a Ks-band image and M/L ratios from Bell
et al. (2003). Our mass model is in good agreement
with the mass distribution derived from various obser-
vational methods. Our estimate of the halo virial mass,
Mvir = (8.7 ± 0.7)× 10
11M⊙ is in close agreement with
the virial mass of ∼ 8× 1011M⊙ found via kinematics of
satellite galaxies (Coˆte´ et al. 2000) and the Andromeda
Stream (Geehan et al. 2006).
It is interesting to note that, while it has been shown
that adiabatically contracted halo models do not gen-
erally fit the observed rotation curves of galaxies (e.g.,
Dutton et al. 2005, 2006; Kassin et al. 2006a, b; Pizagno
et al. 2005), the observed rotation curve of a well-studied
galaxy such as M31 is more consistent with a halo that
has undergone adiabatic contraction than one that has
not. Indeed, such a scenario is in agreement with the
results of Klypin et al. (2002).
Much of the power in this analysis came from study-
ing the normalization and outer slope of M31’s rotation
curve. This highlights the usefulness of extended rota-
tion curve data in constraining general models of galaxy
formation. Studies that test the applicability of adiabatic
contraction often make use of large samples of galaxies
that are dominated by late-type disk-dominated galax-
ies, with small bulges or no bulge at all. (e.g. Pizagno
et al. 2005; Dutton et al. 2005, 2006; Gnedin et al. 2006;
Kassin et al. 2006a, b). These bulgeless galaxies also tend
to have very flat (or even rising) rotation curves, and it
is therefore easy to explain these galaxy rotation curves
without any need for adiabatic contraction. However, we
suggest that early-type disk galaxies (e.g. Hubble types
Sa–Sb), which have bulge-dominated centers, and rota-
tion curves that fall-off due to the presence of a large
bulge, may require adiabatic contraction. Although we
have studied very few galaxies so far (M31 in this paper
and two other galaxies in Seigar et al. 2006) our results
indicate that in cases where rotation curves have a fall-off
(two out of three cases), adiabatic contraction is needed.
This may be true for all galaxies with large bulges. If so,
it may favor a secular (rather than merger-driven) origin
for these bulge-dominated systems, as the gradual accu-
mulation of central mass increases the likelihood that AC
will operate.
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